The multimeric membrane protein complex translocase mediates the transport of preproteins across and integration of membrane proteins into the inner membrane of Escherichia coli. The translocase consists of the peripheral membrane-associated ATPase SecA and the heterotrimeric channel-forming complex consisting of SecY, SecE and SecG. We have investigated the quaternary structure of the SecYEG complex in proteoliposomes. Fluorescence resonance energy transfer demonstrates that SecYEG forms oligomers when embedded in the membrane. Freezefracture techniques were used to examine the oligomeric composition under non-translocating and translocating conditions. Our data show that membrane-embedded SecYEG exists in a concentration-dependent equilibrium between monomers, dimers and tetramers, and that dynamic exchange of subunits between oligomers can occur. Remarkably, the formation of dimers and tetramers in the lipid environment is stimulated significantly by membrane insertion of SecA and by the interaction with translocation ligands SecA, preprotein and ATP, suggesting that the active translocation channel consists of multiple SecYEG complexes.
Introduction
Transport of the majority of preproteins across and integration of membrane proteins into the cytoplasmic membrane of Escherichia coli is mediated by a multisubunit complex termed translocase. Translocase consists of a proteinconducting channel formed by the heterotrimeric membrane complex SecYEG and the peripheral membrane-associated, homodimeric ATPase SecA. [1] [2] [3] [4] SecYEG-associated SecA serves as membrane receptor for preproteins. Translocation is initiated by the binding of ATP to the SecYEGand preprotein-bound SecA. 5 This process triggers a conformational change in SecA that facilitates the translocation of a preprotein segment across the membrane, whereupon the preprotein is released from SecA in a step that requires ATP hydrolysis. 6 Consecutive cycles of ATP binding and hydrolysis coupled to preprotein binding and release result in the stepwise translocation of the polypeptide chain through the aqueous channel formed by SecYEG. 7 The observation that the translocating preprotein is in contact mainly with SecA and SecY, and is shielded from phospholipids, 8 and the fact that domains of SecA are protease-resistant during translocation, 5, 9 led to the hypothesis of a partial co-insertion of SecA into the membrane or translocation pore. According to the membrane insertion model, 5 SecA cycles in an ATP-dependent manner in and out of the translocation channel, allowing the successive movement of the preprotein through the membrane; here, this is referred to as membraneinserted SecA. Auxiliary proteins that are involved in translocation are the heterotrimeric membrane complex SecDFYajC 10, 11 and YidC. 12 The latter supports either independently 13, 14 or in association with SecYEG and SecDFYajC, 15 the integration of membrane proteins.
Several lines of evidence indicate that both SecA and SecYEG can exist in dynamic multimeric associations. In solution, SecA forms a dimer under physiological conditions, 16, 17 and it was shown to be active in translocation as a dimer. 18 On the basis of the observation that liposomes containing anionic phospholipids induce the monomerization of SecA, it was suggested that it may dissociate into monomers during translocation. 19 However, other findings indicated that the dimeric form of SecA is restored upon interaction with the signal peptide domain of preproteins questioning the monomerization of SecA in its active state. 20 Solubilized E. coli SecYEG exhibits a detergent concentration-dependent monomer-dimer equilibrium. 21 At higher concentrations of protein, larger oligomers are formed. 21, 22 In negatively stained preparations of solubilized E. coli SecYEG, 2-fold symmetric, dimeric assemblies of 6.7 nm width and 8.7 nm length with a 2 nm wide stainfilled indentation appear. 23 Similarly, the solubilized SecYE complex of Bacillus subtilis 24 and the homologous eucaryotic Sec61p have been described as oligomeric ring-like structures, the latter having 8.5 nm diameter and a central pore with a diameter of 1.5-2.0 nm. 25, 26 SecYEG forms dimers in lipid bilayers, as demonstrated for the SecYE complex of the thermophilic bacterium Thermus thermophilus HB8 by fluorescence resonance energy transfer (FRET) analysis, 27 and for the E. coli SecYEG by electron crystallography. 22, 28 The electron density map at about 8 Å in-plane resolution obtained from two-dimensional crystals of E. coli SecYEG shows an arrangement of dimers with a cavity of 1.6-2.5 nm width and 2.2 nm depth at the dimer interface. This cavity is closed on the periplasmic side by two highly tilted transmembrane helices that correspond to the TM3 of SecE. In this respect, the structure resembles the eukaryotic ribosomenascent chain-Sec61 complex that contains a central indentation closed on the lumenal side of the membrane. 29 The crystal structure of the Sec61 complex from the archaeon Methanococcus jannaschii at 3.2 Å resolution contains a single copy of the heterotrimer, with a molecular architecture nearly identical with that of the E. coli SecYEG complex. 30 At the cytoplasmic side, the rectangular heterotrimer shows a 2.0-2.5 nm funnel-like cavity, which is closed in the middle of the membrane by a constriction with bulky hydrophobic amino acid residues, and closed at the periplasmic side of the membrane by a loop-structure connecting transmembrane segments 1 and 2.
Despite the determination of the high-resolution structure of the SecYEG complex, its oligomeric state in the active translocation channel is currently a subject of controversy. Based on immunoprecipitation and cross-linking studies, 31 blue native PAGE analysis 32 and the crystal structure of Sec61 complex from M. jannaschii, 30 it was suggested that one copy of the SecYEG heterotrimer serves as a functional translocation channel. Crosslinking studies 21 and antibody-stabilization of solubilized subcomplexes, 33 as well as the structure of E. coli SecYEG obtained from two-dimensional crystals, 28 implied that the active translocation complex consists of dimeric SecYEG. On the other hand, electron microscopic studies revealed the formation of larger SecYEG assemblies upon interaction with SecA: the species solubilized from SecYEG proteoliposomes upon treatment with SecA and AMP-PNP contained a fraction of SecYEG tetramers with a side-length of 10.5-12 nm with a central, stain-filled indentation of about 5 nm diameter. 23 Mass analysis by scanning transmission electron microscopy on a detergent-solubilized translocase harbouring an arrested preprotein translocation intermediate confirmed that the actual protein-conducting channel may consist of one SecA dimer and four SecYEG heterotrimers. 23 Similarly, the ring-like structures of the eukaryotic Sec61p complex observed in membranes upon incubation with ribosomes with or without nascent polypeptide chains or the Sec62/63p complex are thought to be composed of three or four Sec61 heterotrimers. 26 Cryo-electron microscopy and three-dimensional reconstruction of soluble assemblies consisting of ribosomes and Sec61 complexes have revealed oligomeric Sec61 complexes with a diameter of 8.5 nm, and a 1.5-3.5 nm wide channel that aligns with the nascentchain tunnel of the large ribosomal subunit. 34 This channel was shown to widen up to 4-5 nm diameter under translocation conditions. 35 All biochemical studies reported so far addressing the oligomeric state of E. coli SecYEG in the active state were performed on complexes that were solubilised from translocating proteoliposomes or inner membrane vesicles. Given the probability that some of the interactions stabilizing higher-order structures may occur only in the membrane, insight into the oligomeric composition and dynamics of SecYEG assemblies while they are still embedded in the membrane is crucial for understanding the mechanism of channel formation. Thus, we performed FRET and freeze-fracture experiments to study the quaternary structure of SecYEG after reconstitution into liposomes, and examined the distribution of SecYEG oligomers under nontranslocating and translocating conditions. The data show that SecYEG can exist in different multimeric associations in lipid bilayers, and exchange of SecYEG subunits occurs between oligomers. In addition, freeze-fracture experiments indicate that the formation of higher oligomers is favoured in the presence of membrane-inserted SecA or of translocation ligands. These data support the oligomerisation model of the active translocation channel.
Results

Functional reconstitution of cysteine-labelled SecYEG into liposomes
Solubilized E. coli SecYEG exists in a monomerdimer equilibrium, 21, 23 while larger oligomers are formed at high concentrations of protein. 21, 22 We used FRET to determine whether different oligomeric associations of SecYEG exist also in lipid bilayers. For fluorescence measurements, proteoliposomes containing SecYEG labelled with maleimide derivatives of Oregon green or Texas red at unique cysteine residues at position Ile96 or Ser120 in SecE were used. The cysteine residues in solubilized SecYE(I96C)G (Figure 1(a) ) and SecYE(S120C)G (data not shown) could be labelled specifically under conditions that allowed only weak labelling of Cys-less SecYEG. The efficiency of labelling was in the range of 70-90% (data not shown). Purified and labelled SecYEG was reconstituted into liposomes and tested for its ability to support proOmpA-stimulated SecA ATPase activity. This demonstrated that the presence of the fluorescent dye in SecE does not affect the translocation ATPase activity (Figure 1(b) ).
Energy transfer reveals SecYEG oligomerization in a lipid environment
To determine possible oligomer formation, donor (Oregon green) and acceptor (Texas red)-labelled SecYEG were mixed in a 1:1 ratio either before or after reconstitution into liposomes. In the first case, donor and acceptor fluorophores are co-localized within the same liposomes, while in the latter case, donor and acceptor fluorophores are localized in separated liposomes. Fluorescence emission scans were recorded with the excitation wavelength set at the excitation maximum of Oregon green (480 nm). A significantly lower fluorescence was observed at the emission maximum of Oregon Green for both SecYE(I96C)G and SecYE(S120C)G when the donor and acceptor fluorophores were co-localized as compared to conditions where the donor alone was present, or the donor and acceptor were present in separate liposomes ( Figure 2 ). For SecYE(I96C)G, the decrease in Oregon green emission is accompanied by an increase in fluorescence around 610 nm representing the Texas red emission (Figure 2(a) ). This indicates clearly the occurrence of resonance energy transfer, and demonstrates that the two probes are in close proximity. In the case of SecYE(S120C)G, only a quenching of the Oregon green fluorescence was observed ( Figure 2 (b)). However, this was dependent on the presence of Texas red-labelled SecYE(S120C)G and not observed with nonlabelled SecYEG (data not shown). Oregon green labelled SecYE(S120C)G proteoliposomes were also mixed with Texas red-labelled SecYE(S120C)G proteoliposomes in a 1:1 ratio and fused by a freeze/thaw and sonication treatment. The emission scan reveals that this treatment also results in lower Oregon green emission fluorescence ( Figure 2 that the Oregon green fluorescence was quenched significantly upon addition of SecA (data not shown). Taken together, these data demonstrate that SecYEG assembles into an oligomeric form when embedded in the membrane.
Oligomeric forms of SecYEG in proteoliposomes
To determine the oligomeric distribution of SecYEG in lipid bilayers quantitatively, SecYEG proteoliposomes reconstituted at various lipid to protein ratios (LPR) were tested for activity by measuring their preprotein-stimulated SecA translocation ATPase activity and analysed by freezefracture electron microscopy. Unidirectional shadowing with Pt/C revealed on the hydrophobic cleavage planes well-defined, large particles as well as smaller ones (Figure 3 ). The particle size distribution depended largely on the lipid to protein ratio. At low concentrations of protein (LPRO10, (w/w)), the ratio of small to large particles was in the range of 1.5-2.5, while at higher concentrations of protein (LPR!5), the ratio was approximately 0.6. The increase in particle size with increasing protein concentration suggests the selfassociation of SecYEG heterotrimers into welldefined oligomers. To characterize the morphology and the size of the oligomers, SecYEG proteoliposomes reconstituted at LPR 7 were freeze-fractured and rotationally shadowed with Pt/C. Electron micrographs showed a large number of ring-like structures with heterogeneous size distribution ( Figure 4 ). For image analysis, particles from flat membrane areas were selected manually, self-centred, and subjected to multi reference alignment (MRA) using circular references with diameters ranging from 5 nm to 12 nm. The analysis revealed two major particle populations (classes I and II) and a less-populated and thus less-defined third class (class III) ( Figure 5(a) ). The populations differed significantly in their apparent average outer diameters as determined from radial density distributions ( Figure 5 (c)) and in their metal distribution. The average diameter of particles in class I was 6.4 nm, in class II it was 8.4 nm, and in class III it was 11.7 nm. As particles may appear larger in rotational shadowing due to the thickness of the evaporated material, and no correction for the metal thickness was made, the values may represent upper estimates for particle diameters. In addition, global averages of populations containing some elongated particles may have larger apparent dimensions due to the lack of rotational alignment during the MRA. Nevertheless, since the observed particle sizes were in good agreement with monomeric, dimeric and tetrameric SecYEG species within the above limitations (Table 1) , we concluded that E. coli SecYEG exists in proteoliposomes in a monomer-dimer-tetramer equilibrium. Under the experimental conditions, the oligomeric distribution corresponded to 56.2% monomers, 42.4% dimers and 1.4% tetramers ( Figure 5 (b)).
To characterize the morphologies of SecYEG oligomers, individual size classes were subjected independently to cycles of multivariate statistical analysis (MSA) and rotational alignment. The subsequent classification resulted in the major class averages shown in Figure 6 (a). The two class averages Ia and Ib corresponding to monomeric SecYEG ( Figure 6 (a)) have slightly different shapes: whereas Ia is more or less ring-like with a diameter of 6.2 nm, Ib is rectangular with a width of 5.4 nm and a length of 6.5 nm. Due to the bidirectional reconstitution of SecYEG into liposomes, the two class averages may represent periplasmic and cytoplasmic views of the SecYEG complex. Although our data do not allow an a priori assignment of the observed classes to either face of the complex, comparison with the threedimensional map of E. coli SecYEG obtained from two-dimensional crystals 28 suggests that the rectangular class average Ib in Figure 6 (a) represents the view from the cytoplasmic face of the complex. The monomer dimensions viewed from the cytoplasmic face of the crystallographic dimer correspond to approximately 5 nm width and 6.5 nm length, which fits well with the observed width and length of 5.4 nm and 6.5 nm, respectively. In negatively stained preparations of solubilized E. coli SecYEG, 23 monomeric SecYEG species were viewed only as rectangular particles with 4.5 nm width and 6.8 nm length presumably due to the adsorption of the complex onto carbon grids in this specific orientation. Taking into account that the particle dimensions from freezefracture experiments represent overestimates, and that the solubilized complexes appear larger due to the bound detergent micelles (Table 1) , the values from freeze-fracture and negative staining experiments agree very well.
The class averages IIa and IIb corresponding to dimeric SecYEG (Figure 6 (a)) both show ring-like shapes with an average diameter of 8.3 nm, 
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which is in accordance with the observations from electron microscopy 23 and electron crystallography (Table 1) . 28 The two classes differ significantly, however, in their internal structures, as judged from the metal distribution. The averaged density in class average IIa shows significant accumulation of metal in its centre, while the density in the central part of the class average IIb is much lower than the surrounding background. This suggests that the top and bottom views differ in their surface reliefs: whereas one face shows a partially occluded cavity or a less-pronounced depression, the other contains a deep indentation or an open pore. The three-dimensional map of the E. coli SecYEG dimer, which is organized as a back-to-back dimer, shows a 22 Å deep cavity at the interface of the monomers that is closed on the periplasmic membrane surface. 28 Thus, it seems likely that the class averages IIa and IIb correspond to the periplasmic and the cytoplasmic views of the SecYEG dimer, respectively.
Due to the limited number of tetrameric SecYEG species in the population, the corresponding class averages were very noisy and did not show any additional structural features as compared to the global average obtained by MRA ( Figure 5 (a), class IIIa).
Oligomeric distribution of reconstituted SecYEG upon incubation with SecA and AMP-PNP
To determine whether the oligomeric distribution of SecYEG is affected upon interaction with SecA, SecYEG proteoliposomes (LPR 7) were incubated with SecA in the presence of the non-hydrolysable ATP analogue AMP-PNP, which enforces membrane insertion of SecA even when preprotein is not present. 5 Prior to freezing, SecA and AMP-PNPtreated proteoliposomes were analysed by SDS-PAGE, which demonstrated the association of almost all SecA protein with the proteoliposomes. The proteoliposomes were then freeze-fractured and replicated by rotational shadowing with Pt/C. On electron micrographs, a large number of particles with ring-like morphology were found. Analysis of these structures with respect to particle sizes by MRA revealed three major classes (Figure 7(a) ). The particle diameters of 6.6 nm in class average I, 9.1 nm in class average II and 12.0 nm in class average III indicated again the presence of monomeric, dimeric and tetrameric SecYEG. The average diameters of all three populations were only slightly larger (3-8%) than those observed in SecYEG proteoliposomes. Most strikingly, however, the overall distribution of the oligomers changed significantly when compared to the oligomer distribution in untreated SecYEG proteoliposomes. In SecA and AMP-PNP preincubated proteoliposomes, the monomeric SecYEG fraction contributed to only 14.1% of the whole population while the dimer and the tetramer fractions contributed to 77.3% and 8.6%, respect-ively (Figure 7(b) ). The observed shifts clearly suggest the formation of higher oligomers from SecYEG monomers and/or dimers upon interaction with AMP-PNP and SecA. AMP-PNP was essential for the oligomerization, as proteoliposomes incubated only with SecA contained mainly particles corresponding to monomeric and dimeric SecYEG (data not shown).
To test whether SecA itself forms ring-like structures upon adsorbtion on lipid layers, as has been reported, 36 we analysed liposomes of E. coli lipids that were incubated with SecA or SecA/ AMP-PNP by freeze-fracture electron microscopy. However, no ring-like structure was observed on the replicas.
The individual size classes of SecA and AMP-PNP-treated SecYEG particles were subjected independently to MSA and classified ( Figure 6(b) ). In contrast to SecYEG proteoliposomes, the monomer population contained only one welldefined structure with a more or less ring-like shape and a diameter of 6.3 nm ( Figure 6(b) , class Ia). There was no evidence for the existence of the rectangular monomeric form that was found in untreated SecYEG proteoliposomes ( Figure 6(a) , class Ib). This further supports the interpretation that the rectangular monomer corresponds to the cytosolic face of SecYEG. Interestingly, a nonnegligible part (about 30%) of the monomer particles showed a great variation in size (G15%) and form, so that their assignment to a specific class was not possible. These particles may correspond to monomeric SecYEG with associated SecA. It is unclear, however, why they lack distinct structural features. The dimeric SecYEG species grouped into two representative subpopulations ( Figure 6(b) , classes IIa and IIc). The class IIa with a diameter of 8.5 nm and significant accumulation of metal in the centre of the particle was strikingly similar to the class average obtained from SecYEG containing proteoliposomes ( Figure 6(a) , class IIa). However, a dimer population with low metal density in the central part of the particle could not be found. Interestingly, the metal distribution in class IIc (Figure 6(b) ) with an average diameter of 9.6 nm indicated a complex surface relief that was significantly different from that of the dimer class averages observed in SecYEG proteoliposomes. The disappearance of the dimer population with low metal density, and the appearance of the novel particle type upon incubation of SecYEG with SecA and AMP-PNP suggest that this particle represents a dimeric SecYEG-SecA bound species that is assembled upon membrane insertion of SecA. A similar surface relief was observed on one of the class averages of tetrameric SecYEG population ( Figure 6(b) , class IIIb), which was not indicated in SecYEG proteoliposomes. In analogy, and because of the shifted distribution, these particles may correspond to tetrameric SecYEG species assembled upon recruitment by SecA. The other tetrameric SecYEG subpopulation ( Figure 6(b) , class IIIa) displayed accumulation of metal in its centre and, in this respect, resembled the dimeric class IIa (Figure 6(b) ). As the tetramer class averages were fuzzy, their size could be estimated only to approximately 12 nm.
Translocase-precursor complex
To determine the oligomeric distribution of SecYEG in a translocation-active state, we analysed proteoliposomes harbouring a preprotein translocation intermediate (I 31 ). The translocation intermediate was prepared by incubation of SecYEG proteoliposomes (LPR 7) with SecB, SecA, ATP and proOmpA under oxidizing conditions. In the absence of reducing agents, proOmpA is arrested in the translocase due to an internal disulfide bridge at the C terminus, which prevents complete translocation. 23 To control the formation of the intermediate I 31 , the translocation ATPase activity was monitored during the incubation of the sample (Figure 8 ) using the spectrophotometric assay. 37 The ATPase activity reached its maximum within approximately 15 minutes of incubation at 37 8C and then remained nearly constant at the level of lipid-stimulated ATPase activity of SecA, presumably due to the block of the active translocation sites by I 31 (Figure 8 ). Similar observations have been reported by Schiebel et al., 6 who employed a colorimetric assay for ATPase activity. Upon addition of DTT to a final concentration of 10 mM, an increase of the ATPase activity was observed, indicating new cycles of translocation (Figure 8 ).
Prior to freezing, SecA/SecB/ATP/proOmpAtreated proteoliposomes were analysed by SDS-PAGE, which demonstrated the association of the major portion of SecA and precursor with the proteoliposomes (data not shown). Subsequent freeze-fracturing and rotational shadowing resulted in a heterogeneous particle population. Analysis by MRA indicated the existence of monomeric (class I), dimeric (class II) and tetrameric (class III) SecYEG (Figure 9(a) ). The diameters were estimated from global averages to be 6.3 nm for monomeric, 9.1 nm for dimeric and 12.4 nm for tetrameric SecYEG, which contributed to 32.5%, 63.9% and 3.6% of the whole population, respectively (Figure 9(b) ). The increase in the number of dimeric and tetrameric particles compared to the oligomer distribution in SecYEG proteoliposomes again suggests the formation of higher oligomers from SecYEG monomers and/or dimers under conditions that yield the translocation intermediate I 31 . The less pronounced preference for oligomer formation compared to proteoliposomes with membrane-inserted SecA may be due to a less complete translocation reaction. Alternatively, the deinsertion of SecA may partly cause the disassembly of oligomeric SecYEG channels leaving smaller building blocks associated with the preprotein. Nevertheless, the results demonstrate that the oligomerization of SecYEG is triggered in the presence of translocation ligands SecA, preprotein and ATP.
Upon MSA of the monomeric SecYEG populations, no evidence could be found for the presence of elongated, monomeric SecYEG particles. The representative class presented ring-like particles with a diameter of approximately 6.2 nm ( Figure 6 (c), class Ia). Interestingly, a significant fraction of monomeric particles (approximately 40%) differed in their relief properties from the species observed in the former two experiments. On these particles, the distribution of metal slightly indicated a double-ring structure. However, large variations in their size and shape did not allow their accurate alignment and led to a fuzzy average (data not shown). The classification of the dimeric and tetrameric SecYEG populations indicated again the formation of new dimeric and tetrameric species with surface characteristics very similar to those formed upon membrane insertion of SecA ( Figure 6(c) ), although the tetramer averages were noisy. It is likely that the inserted preprotein is too small to induce relief effects of sufficient magnitude to be disclosed by rotational shadowing. Thus, the possibility cannot be excluded that subtle structural differences may exist between these species formed under different conditions. However, the results suggest the same underlying mechanism for their formation.
Cytosolic membranes
For the visualization of SecYEG protein in its native environment, inside out (ISO) membrane vesicles of SecYEG overexpressing and control E. coli strains were analysed by freeze-fracturing and rotational shadowing. Ring-like structures similar to those observed on reconstituted SecYEG proteoliposomes were found on native ISO vesicles from overexpressing cells. However, the complexity of the native membrane vesicles did not allow a detailed image analysis (data not shown).
Discussion
The oligomeric state of SecYEG in the active protein-conducting channel of the E. coli translocation apparatus has been addressed in numerous biochemical studies utilizing complexes solubilized from translocating proteoliposomes or inner membrane vesicles. Although the various studies proposed differing stoichiometries for the active translocon, several lines of evidence have emerged suggesting a dynamic nature for the translocation channel and the possibility that different SecYEG assemblies exist during the translocation process. A dynamic channel structure would imply weak associations of the protomers, which may lead to the dissociation of the SecYEG complexes during detergent solubilisation and purification. Thus, we have used FRET and freeze-fracture electron microscopy to elucidate the oligomeric compositions of SecYEG assemblies embedded in lipid bilayers. Our data demonstrate that membraneembedded SecYEG exists in a concentrationdependent equilibrium between monomers, dimers and tetramers. The formation of dimers and tetramers is, however, significantly stimulated by membrane insertion of SecA and by the interaction with SecA and preprotein supporting the oligomer model of the active translocation channel. As a model system, we have used proteoliposomes with reconstituted SecYEG that catalyse multiple rounds of preprotein translocation 38 as well as insertion of hydrophobic transmembrane proteins into the lipid bilayer. 39 In FRET experiments, a significant loss in donor (Oregon green) emission fluorescence occurred when populations of donor and acceptor fluorophore-labelled SecYE(I96C)G complexes were co-localized in the same liposome environment. This demonstrates that SecYEG heterotrimers are in close proximity. High concentrations of donor and acceptor-labelled proteins in the liposomes could lead to random transient contacts and thus possibly result in energy transfer. However, the typical molar protein to lipid ratio for SecYEG reconstituted proteoliposomes used in these studies is w1:4000 (LPR 40 (w/w)) and under these conditions energy transfer by nonspecific contacts can be ruled out. 27 We therefore conclude that the observed energy transfer demonstrates association of SecYEG complexes into oligomers in proteoliposomes. Furthermore, donor quenching was observed when donor and acceptorlabelled SecYEG, originally in separate populations of liposomes, were co-localized after liposome fusion. This suggests a dynamic exchange of subunits between oligomers of SecYEG in the liposome environment. Our finding contradicts the FRET data for the SecYE complex from T. thermophilus, which suggested no apparent exchange of subunits. 27 In these experiments, SecY was labelled but, since SecY and SecE do not dissociate in vivo, 40 it is unlikely that the difference can be explained by an exchange of SecE subunits. Possibly, the higher physiological temperature, the lack of an SecG homologue, or the fact that the T. thermophilus SecYE complex was reconstituted into E. coli liposomes cause a significantly slower exchange rate of subunits for the T. thermophilus SecYE complex.
Freeze-fracture analyses reveal a concentrationdependent monomer-dimer-tetramer distribution for SecYEG in the lipid bilayer. Proteoliposomes reconstituted at LPR 7 display an oligomer distribution corresponding to approximately 56% monomers, 42.5% dimers and 1.5% tetramers, demonstrating that the majority of SecYEG (approximately 60%) is organized as a dimer ( Figure 10 ). In line with our observations, a monomer-dimer-tetramer distribution has been reported for SecYEG solubilized from inner membrane vesicles of an approximately tenfold overexpressing E. coli strain 21 with a SecYEG content comparable to that in proteoliposomes reconstituted at LPR 7. The formation of tetramers or even higher oligomers has been attributed to the unnaturally high SecYEG concentrations in proteoliposomes or in overexpressing membranes. 21, 31 We cannot exclude this possibility, as we have no data on the oligomeric distribution of SecYEG in native membranes, but our data indicate a SecA and AMP-PNP-dependent shift in the distribution of these oligomeric species, demonstrating that their presence is not simply the result of an overexpression but rather caused by interactions with translocation ligands. Image analysis of rotationally shadowed proteoliposomes revealed cytosolic and periplasmic faces of both monomeric and dimeric SecYEG species in the lipid bilayer, consistent with the bi-directional reconstitution of SecYEG into proteoliposomes. The particle dimensions for all species observed in proteoliposomes were in accordance with the observations from electron microscopy 23 and electron crystallography. 28 Interestingly, the particles corresponding to the periplasmic face of the SecYEG dimer in the lipid bilayer showed drastic variations in their diameters up to 15% which are not likely to arise from different film thicknesses due to the variations in the angle of incidence of the evaporated metal as the analysed particles were chosen from flat membrane areas. A similar phenomenon was reported for the SecYE complex of Bacillus subtilis, 24 and for the eukaryotic Sec61p complex, 26 and attributed to an inherent degree of structural flexibility of the complexes. The variations in E. coli SecYEG dimer dimensions may also correspond to different conformational states of the dimeric complex; however, it remains unclear why this structural plasticity is not reflected on its cytoplasmic face.
Our results demonstrate unambiguously that membrane insertion of SecA triggers the recruitment of SecYEG protomers to form oligomers, which is evident in the substantial increase of the total amount of dimeric and tetrameric SecYEG species. Upon incubation of SecYEG proteoliposomes with SecA and AMP-PNP, 76% of the SecYEG heterotrimers become trapped in dimers and 17% in tetramers ( Figure 10 ) implying that the fraction of the SecYEG heterotrimers incorporated into dimers is, compared to untreated SecYEG proteoliposomes, increased by about 30%. More remarkably, the fraction incorporated into tetramers is increased by more than 200%, underlining tetramer assembly as the predominant process. These results are consistent with the former observations by electron microscopy and mass measurements on solubilised SecYEG assemblies upon membrane insertion of SecA: the species solubilised from SecYEG proteoliposomes upon treatment with SecA and AMP-PNP contained, next to a dimeric fraction, a substantial amount of SecYEG tetramers. 23 Similar to the bacterial system, the homologous eukaryotic Sec61p complex also assembles into larger complexes composed of multiple Sec61 heterotrimers upon incubation with ribosomes or with Sec62/63p. 26 Contrary to our observations, a chemical cross-linking approach gave no evidence for changes in the overall distribution of the oligomeric forms of the SecYEG upon AMP-PNP driven SecA membrane insertion. However, the same crosslinker was shown to interfere with oligomerisation, as assayed by blue native PAGE. 21 A recent study using antibodystabilized SecA-SecYEG complexes in detergent solution provided evidence for an AMP-PNPinduced stable complex of dimeric SecA and dimeric SecYEG. 33 Additional evidence for the enzymological event that occurs upon membrane insertion of SecA came from the structures that were observed in proteoliposomes incubated with SecA and AMP-PNP. First, the particles assigned to the active cytoplasmic faces of monomeric and dimeric SecYEG species disappear upon reaction with SecA, and the non-reactive periplasmic monomer and dimer faces remain unaltered in their size and shape, consistent with the fact that only the cytosolic faces of SecYEG complexes can specifically react with SecA. Second, upon reaction with membrane inserted SecA, dimeric and tetrameric SecYEG particles with novel structural properties emerge, giving further support to the hypothesis that they have assembled upon membrane insertion of SecA. These reaction products also exhibit larger outer diameters compared to dimeric and tetrameric SecYEG particles in the lipid bilayer without any treatment. From the surface images, however, we cannot conclude whether these species formed upon the enzymatic event contain SecA in the inserted state.
The oligomeric distribution of SecYEG in lipid bilayers is modulated strongly by the presence of translocation ligands SecA, preprotein and ATP. In proteoliposomes where a translocating preprotein is trapped in the active translocase (I 31 ), the amounts of dimeric and tetrameric SecYEG increase significantly compared to the oligomeric distribution of SecYEG in untreated proteoliposomes. This is consistent with the data obtained by electron microscopy and scanning transmission electron microscope measurements of solubilised complexes, 23 which corroborate the formation of dimeric and tetrameric SecYEG assemblies with associated SecA under conditions yielding the translocation intermediate. According to our analysis, in proteoliposomes with translocase-I 31 complexes, approximately 73% of the SecYEG heterotrimers are organized in dimers and 8% in tetramers ( Figure 10 ). Compared to the oligomeric distribution in SecYEG proteoliposomes, these numbers correspond to an increase in the fraction of monomers trapped in dimers and of those trapped in tetramers by 26% and 100%, respectively, again emphasizing the tetramer formation as a prevailing process. On the other hand, when compared to the oligomeric distribution of SecYEG in proteoliposomes containing membrane-inserted SecA, the oligomerization appears less efficient. Most strikingly, the monomeric SecYEG population in proteoliposomes with translocation intermediate I 31 contain a significant fraction of particles with rather vague structural properties that could not be assigned to any of the monomeric SecYEG classes found in the former experiments. Altogether, the observations raise the possibility that the increase in the monomer fraction is due to the disassembly of tetrameric species upon deinsertion of SecA leaving monomers associated with the preprotein. Earlier immunoprecipitation and cross-linking studies, 31 as well as blue native PAGE analysis, 32 indicated a stable association of an arrested preprotein with monomeric SecYEG in detergent solution and thus suggested that a minimal stable form of the preprotein translocase is monomeric SecYEG. Our analysis, and that performed by blue native PAGE, 32 does not allow us to distinguish between active and non-active species in the bilayer and therefore does not allow for conclusions to be reached about the oligomeric state of SecYEG in the active translocon. However, at this stage of the analysis, we consider it more likely that the monomeric SecYEG particles with less-defined characteristics observed in proteoliposomes harbouring the translocation intermediate represent dissociation products rather than stable particle associations, as these would display distinct structural properties.
Our results demonstrate that ligand-triggered changes in oligomeric interactions between SecYEG protomers in the membrane may play a functional role during the complex translocation reaction. Upon membrane insertion of SecA, as well as upon interaction with translocation ligands, dimeric and tetrameric SecYEG assemblies with different channel sizes form and coexist in the membrane. This is consistent with the observations on the homologous eukaryotic system: translocating microsomal membranes contain two distinct Sec61p populations with a pore size of either 0.9-1.5 nm or 4-6 nm, which may indicate different Sec61p oligomeric states. 41 
Materials and Methods
Materials E. coli phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL). n-Dodecyl-b-D-maltoside (DDM) was from CalBiochem (San Diego, CA). Rabbit lactate dehydrogenase and rabbit pyruvate kinase were from Sigma. Oregon green w 488 maleimide, Texas red w maleimide and tris-(2-carboxyethyl)phosphine (TCEP) were from Molecular Probes (Leiden, The Netherlands). Stock solutions of 40 mM Oregon green and Texas red were prepared in dimethylformamide (DMF) and dimethylsulfoxide (DMSO), respectively. SOURCE-30Q column material and HiTrap chelating HP columns were from Amersham Biosciences (Freiburg, Germany).
Plasmids
pET607
(cysteine-less SecYEG), 42 pET2501 (SecYE(I96C)G), 43 and pET2523 (SecYE(S120C)G) were used to overexpress His 6 -tagged SecYEG. pET2523 was constructed in a similar manner as pET2501 and its cysteine mutation (secE A120C (TCC/TGT)) was confirmed by sequence analysis.
Protein overexpression and purification
E. coli SecA, 44 SecB, 45 proOmpA 46 and SecYEG were overexpressed and purified as described. 47, 48 Cysteine labelling of SecYEG Semi-purified fractions after anion-exchange chromatography were pooled and incubated with a twofold molar excess of TCEP for 15 min at 4 8C. Subsequently, a tenfold molar excess of Oregon green or Texas red maleimide was added. Labelling was carried out at pH 8.0 for 60 min at 4 8C. The reaction was quenched for 15 min at 4 8C by the addition of a 20-fold molar excess of reduced glutathione. The Ni-chelating purification step was used to remove unbound dye. Labelling specificity was analysed after SDS-PAGE (15% (w/v) acrylamide), followed by visualization of in gel fluorescence on a Roche Lumi-Imager F1. Subsequently, the gel was stained with Coomassie brilliant blue to evaluate the purification steps.
Preparation of SecYEG proteoliposomes
For freeze-fracture experiments, solubilized SecYEG (0.3 mg/ml) in 100 mM imidazole buffer (pH 7.0), 100 mM KCl, 0.2% DDM, 20% glycerol and E. coli lipids (20 mg/ml, solubilized in 2% DDM) were mixed in the appropriate LPR and incubated for 20 min on ice. Polystyrol beads (BioBeads SM2-Adsorbent, BioRad) were added at 100 mg per 1 ml of reconstitution mixture stepwise in 30 min intervals while stirring on ice. The mixture was stored overnight on ice and diluted threefold with 50 mM Tris-HCl (pH 8.0), 50 mM KCl. Proteoliposomes were harvested by centrifugation in a 70 Ti Rotor (Beckman Instruments) at 45,000 rpm at 4 8C for 1 h, and resuspended in 50 mM Tris-HCl (pH 8.0), 50 mM KCl, tested for their translocation ATPase activity and frozen in aliquots at K18 8C. For FRET experiments, fluorescence-labelled SecYEG was reconstituted by rapid dilution as described. 47 SecYEG/SecA/AMP-PNP complex SecYEG-containing proteoliposomes (80 mg of SecYEG /ml, LPR 7) and E. coli SecA (400 mg /ml) were mixed in a total volume of 250 ml of 50 mM Hepes-KOH (pH 7.6), 50 mM KCl, 10 mM magnesium acetate, 2 mM AMP-PNP kept on ice for 5 min, and then incubated at 37 8C for 20 min. Liposomes were concentrated at 44,000 rpm in a TLA-45 rotor in a Beckman Optima 35 Max-E ultracentrifuge for 35 min, resuspended in 20 ml of the supernatant and frozen in liquid ethane for freeze-fracture analysis. For a control, a portion of the proteoliposomes was washed twice with buffer, and both vesicles and supernatant were analysed by SDS-PAGE (12.5% acrylamide). Almost all SecA protein was found in the proteoliposome fraction, indicating its association with the proteoliposomes.
Translocation intermediate I 31
The translocation intermediate I 31 23 was prepared by mixing 400 mg/ml of SecA, 50 mg/ml of urea-denaturated proOmpA, 50 mg/ml of SecB and SecYEG-containing proteoliposomes (80 mg of SecYEG/ml, LPR 7) in 50 mM Hepes-KOH (pH 7.6), 50 mM KCl, 10 mM magnesium acetate, 2 mM ATP, kept on ice for 5 min, incubated at 37 8C for 30 min. The proteoliposomes were concentrated at 44,000 rpm in a TLA-45 rotor in a Beckman Optima 35 Max-E ultracentrifuge for 35 min, resuspended in 20 ml of the supernatant and frozen in liquid ethane for freezefracture analysis. A portion of the proteoliposomes was washed twice with buffer, and both vesicles and supernatant were analysed by SDS-PAGE (12.5% acrylamide). The major portion of SecA and preprotein were found in the proteoliposome fraction, indicating that they were associated with the vesicles. Control experiments to follow the formation of the intermediate by the ATPase activity were performed in the absence of DTT using the spectrophotometric assay described by Hanada et al. 37 The assay buffer contained 5 units/ml of pyruvate kinase, 7.5 units/ml of lactate dehydrogenase, 3 mM phosphoenol pyruvate, 0.25 mM NADH, 1 mM ATP, 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 5 mM MgCl 2 . Assay buffer (500 ml) was mixed with proteoliposomes (20 mg/ml of SecYEG final concentration, LPR 7), sonicated three times for 10 s and preincubated at 37 8C for 5 min. The reaction was started by the addition of 20 mg/ml of SecA, preincubated at 37 8C, and 50 mg/ml of urea-denatured proOmpA. The reaction was monitored by the change of absorption at 340 nm in a temperaturecontrolled spectrophotometer at 37 8C.
Other biochemical methods
Protein concentrations were determined with the Bio-Rad DC Protein Assay Kit using bovine serum albumin as the standard. ProOmpA-stimulated translocation ATPase assays of the reconstituted SecYEG vesicles were performed by the colorimetric assay as described. 49, 50 Fusion of the proteoliposomes was induced by three cycles of freezing in liquid nitrogen and thawing at room temperature, followed by disaggregation by sonication for 10 s in a bath sonicator.
Fluorometry
FRET measurements were performed on an SLM Aminco-Bowman series 2 luminescence spectrometer (SLM Aminco, Urbana, IL) with excitation and emission slit-widths set to 4 nm. Oregon green was excited at 480 nm and emission scans were recorded as indicated in the Figures. Proteoliposomes containing fluorescencelabelled SecYEG were diluted in the cuvette with buffer A (50 mM Tris-HCl (pH 8.0), 50 mM KCl) prior to the measurements. Emission scans of tryptophan fluorescence (excited at 280 nm) were recorded to determine the relative concentration of protein in the proteoliposomes, and the concentration was corrected if necessary.
Electron microscopy
Proteoliposomes were frozen in liquid ethane and fractured at K130 8C in a freeze-etching apparatus BA360 or BAF 400. Freeze-fracture replicas were obtained by either unidirectional shadowing with Pt/C at an angle of incidence of 358 or rotational shadowing at 258. The film thickness (10-15 Å ) was monitored with a quartz crystal oscillator. After coating the specimen with a carbon support film at normal incidence (30-40 Å ), the replica was floated on water and mounted on specimen grids for electron microscopic observation. Micrographs were taken at nominal magnifications of 33,000! or 50,000! on a JEOL 100CX transmission electron microscope. Images were recorded on Kodak SO163 films, which were developed for 12 min with full-strength developer Kodak D19.
Image processing and classification
Suitable negatives were digitized with a Flextight densitometer (Imacon, Copenhagen, DK) at a step size of 8 mm (corresponding to 0.16 nm at the specimen level for the negatives with a magnification of 50,000!), and single-particle analysis was performed using SEMPER 51 and IMAGIC-5 software. 52, 53 Due to the low density and heterogeneous distribution of the particles, the images were extracted interactively in boxes of 128!128 pixels, linearized, normalized and Fourier-filtered. For translational alignment of the images, a self-centre algorithm was performed during which a rotationally averaged version of each input image is generated, and each input image is then translationally aligned relative to its rotationally averaged counterpart. The images were then subjected to MRA using circular references with diameters ranging from 5 nm to 12 nm, which allowed us to subdivide the heterogeneous particle population into distinct size classes. To obtain information on the internal structure of the particles, populations of different sizes were independently subjected to repeated cycles of MSA 54 and rotational alignment and class averages were calculated.
